Three statistical models were developed to determine the long term suspended solids removal of extended detention dry ponds, wet ponds without outlet control, and wet ponds with outlet control. Results from the statistical models were compared with those from continuous SWMM simulations and computations using Driscoll's wet pond sizing procedure. Favourable comparisons were observed. Since the statistical models are all in closed analytical form, the required computations are minimal compared to other models. As a result, these models could be useful tools in the overall evaluation of the long term performance of stormwater quality control ponds.
Introduction
Urbanization in a watershed can have adverse consequences on receiving waters, such as flooding, streambed erosion and pollutant export. In response to urban water quality problems, various "Best Management Practices" (BMPs) have been developed to assist in the protection of receiving waters. Among commonly used BMPs, stormwater quality ponds are often considered the most effective in removing sediments and sediment-associated contaminants from urban runoff. Storm water quality ponds are usually classified as extended detention dry ponds or wet ponds.
Since the concentration and total mass of many pollutants in urban runoff are considered to be proportional to those of suspended solids, the long term percentage suspended solids removal is often used a<; an indicator of the overall long term performance of stotmwater quality control ponds. Both continuous simulation and statistical techniques have been developed to evaluate the long term suspended solids removal of st01mwater quality ponds. Statistical techniques have the advantage of predicting pond performance from statistical characteristics of rainfall (runoff) and simple representations of the pond. Thus, the long term performance ofvarious configurations can be investigated with ease by statistical models. However, statistical models are based on a number oflimiting assumptions and cannot generate a time series of responses to incoming flows and pollutant loads. As a result, their use is generally limited to preliminary planning and design analysis.
Howard [1976] introduced a theory to analyze the control performance of storage/treatment systems for controlling combined sewer overflows. From the probability distributions of rainfall volume, duration and interevent time, the probability distribution of overflow volume was derived. Based on this derived distribution, the frequency of overflow and the average magnitude of overflow volumes were further derived. Starting from the same principles, Adams and Bonue [1983] developed a package of analytical probabilistic models called Statistical Urban Drainage Simulator (SUDS) to predict the perfOlmance of storage/treatment systems servicing single catchments. The performance measures predicted by SUDS are limited to quantity aspects of stormwater quantity control ponds. Quality aspects of urban runoff control alternatives have been investigated by Li [1991] and Li and Adams [1992] with a suite of models caned Extended SUDS (EXSUDS). Driscoll [1982] developed a statistical analysis methodology to compute the long term average suspended solids removal of wet stormwater quality control ponds. The analysis assumed that the overall suspended solids removal is due to the combined effect of dynamic removal occU1Ting as water moves through the basin, and quiescent removal during the intervals between successive storm runoff events. The long term average removal under dynamic conditions was derived by assuming that the random runoff inflow to the pond is Gamma distributed and characterized by a mean flow and its coefficient of variation. The long term average removal under quiescent conditions was obtained by adapting the results from Di previous statistical analysis. A set of graphs were prepared to estimate long term average percentage suspended solids removal of wet ponds. In Driscoll's approach, long term performance is related to the statistics of runoff inflow to the pond, which are generally unknown at the stage of planning and preliminary design. Moreover, numerical integration had to be used to obtain the final solution and only wet ponds without a controlled outlet were analyzed in Driscoll's methodology. In this paper, following the similar procedures used in the development of SUDS and EXSUDS, statistical models are developed to estimate the long term percentage suspended solids removal for a variety of stormwater quality control ponds.
Principles of the Statistical Approach 7.2.1 Derived Probability Distribution Theory
The basis of the statistical approach to modelling stormwater detention pond performance is derived probability distribution theory. The theory states that the probability distribution of a dependent random variable is fundamentally related to and may be derived from those of the independent random variables using the functional relationship between the dependent and independent variables. The success of such a derivation is dependent upon the determination and integration of the joint probability density function of the independent variables. (For details of derivations, see Adams and Bontje [1983] and Benjamin and Cornell [1970] .)
Statistical Representation of Rainfall Series
A continuous rainfall series can be separated into individual rainfall events according to a selected interevent time definition (!ETD). The !ETD is defined as the minimum elapsed time with no rainfall that separates rainfall events. Thus, rainfall pulses separated by a time greater than the !ETD are considered to be different events.
The separated rainfall events then can be characterized by event rainfall volume, v(mm); event duration, t(hr) and interevent time, behr). Variations within a single event are usually not considered. Previous studies [e.g., Adams et al., 1986; U, 1991] have shown that v, t, and b can be practically assumed to be mutually independent and are often exponentially distributed as follows:
Event rainfall volume, v(mm):
(1) Event duration, t(hr): 
Transformation of Rainfall To Runoff
The transfonnation of rainfall volume to runoff volume is modelled as follows: (4) in which v, is the event runoff volume (mm); Sdis the depression storage of the contributing catchment (mm); and <\J is the runoff coefficient of the catchment. The duration of the runoff event is assumed to be the same as the corresponding rainfall event.
Quiescent Settling and Dynamic Settling
Due to the intennittent and random nature of urban runoff, the operating conditions of stonnwater quality ponds change from quiescent, without any inflow and outflow, to dynamic with varying inflow and/or outflow. Herein, suspended solid settling in stonnwater quality ponds is distinguished by quiescent settling and dynamic settling conditions. Quiescent settling describes protide settling in still water, while dynamic settling describes particle settling in flowing water. It is assumed that Chen's[l97S] fonnulation of sedimentation efficiency is valid for the computation of dynamic settling in stonnwater quality ponds. In Chen's fonnulation, sedimentation efficiency, Ed' is expressed as a function of surface loading rate for various turbulent flow conditions. The fully turbulent curve is approximated by:
where Q is the pond discharge rate (m3Ihr), Vs is particle settling velocity (mlhr) and A is the pond surface area (m 2 ).
Definition of a Loading Cycle
The starting point in the statistical analysis of storm water quality ponds is the definition of the loading cycle. Under a continuous, flow-through mode of operation, the pond is filled gradually during a runoff event, or if the runoff intensity is small, the pond may maintain a constant (or even declining) water level since the pond is drained through outlet control structures at the same time. After a runoff event, outflow from the pond continues until the pond is emptied or the pond water level drops to the permanent pool level. The next runoff event may occur before the pond is emptied (or while the water level is above the permanent poolleveJ) or when the pond is empty (or at its permanent pool level).
The loading cycle of a storm water quality pond is thus defined as the time period between the starting points of consecutive runoff events. The derivations of the statistical models in the following sections focus on the analysis of the probability distribution functions of pond performance within a loading cycle. The long term average performance of the pond is further derived from the derived probability distribution functions.
Statistical Analysis of Extended Detention Dry Ponds
Based on the principles outlined in the previous sections, assuming that the current runoff event begins with the pond being emptied, the possible time histories of a loading cycle of an extended detention dry pond can be summarized as follows:
(1) The runoffvolume is large enough to fiU the pond and cause a certain amount of spill; the following dry period is long enough so that the pond is emptied before the next runoff event. (2) The runoffvolume is large enough to fill the pond and cause a certain amount of spill, but the following dry period is so shOltthatthe pond is not empty when the next runoff event begins. (3) The runoff volume is not large enough to fill the pond; and the following dry period is long enough to empty the partly filled pond before the next runoff event. (4) The runoff volume is not large enough to fill the pond; and the following dry period is so short that the pond is not emptied when the next runoff event begins. (5) The intensity of runoff is so small that the pond remains at zero stage and runoff flows through the pond without detention.
The mechanism of suspended solids removal in an extended detention dry pond under continuous, flow-through mode is dynamic settling. Assuming that the controlled outflow rate from the pond is a constant, denoted byO, and that the average water smface area is also constant, denoted by A, then the average suspended solids removal efficiency can be calculated by empirical equations such as Eq. 5. The dynamic sedimentation rate, Dd (mass/time), can be calculated as follows: (6) where Co is the long term average suspended solids concentration of the incoming runoff.
Assuming that spills from the emergency spillway receive zero treatment, within each loading cycle, the total mass of suspended solids removed is then the product of the average removal efficiency E,I' the outflow rate 0, the time during which this dynamic settling process takes place and the average suspended solid concentration of the incoming runoff. Corresponding to each of the five possible cases of the time history of a loading cycle, the suspended solid mass removed in a loading cycle, Rm' can then be expressed as in Eq. 7:
In which S is the storage volume of the extended detention dry pond. Cases 2 and 4 have been combined into one case because they have the same expression for total mass removed in a loading cycle. The above expressions for Rmare also written in such a way that it is obvious that Rm is a combination of two parts. i.e.
where:
According to the above definition of T d , using derived probability distribution theory and assuming that v, t, and b are exponentially distributed mutually independent random variables as described in Eqs. 1, 2 and 3, the following results for the probability density function of T.can be derived:
The mean ofT rl , Td can subsequently be derived as follows: (10) (11) where: Therefore, the mean mass of suspended solids removed in a loading cycle is:
By assuming a constant concentration Coof suspended solids with an average settling velocity Vs in all incoming runoff, the mean mass of suspended solids, E(L,), input to the pond is the product ofthe mean runoff volume and Co' i.e.
Hence, the long term average percentage removal of suspended solids for a specified settling velocity is:
The above equation is designated as the CPED model for extended detention dry ponds. Details of the above derivations can be found in Guo [1992] .
Statistical Analysis of Wet Ponds
Two types of wet ponds are herein considered: the wet pond with outlet control and the wet pond without outlet control. Wet ponds without outlet control are wet ponds with emergency spillways only. Wet ponds with outlet control are wet ponds with not only emergency spillways but also controlled outlet structures.
Wet Ponds without Outlet Control
The following assumptions are made for this type of pond: (I) Outflows over the emergency spillway receive no treatment, and the suspended solid removal mechanism is quiescent settling only. (2) During the quiescent period, the pond is always at its full storage level, and evaporation and other losses are negligible. (3) When runoff flows into the pond, it displaces the original contents in the active storage part ofthe pond. As a result of mixing, dilution and replacement, the suspended solid concentration in the pond after each runoff event is the same as the long term average concentration of the incoming runoff.
At time t within a quiescent settling period, the quiescent sedimentation rate, D , of particles with settling velocity V can be expressed as follows:
where A is the surface area of the pond; and CCt) is the concentration of suspended solids in the pond at time t. Because of continuous settling, the concentration in the pond gradually declines.
is:
In an infinitesimal time step dt, the change of concentration in the pond dC=-V,ACC t ) dt Sa (21) where S is the active storage volume of the pond. The active storage is defined as the st~rage of the pond excluding dead zones, or that part of the storage volume which is usually replaced by incoming runoff.
Integrating the above equation and incorporating the above assumptions, the following result is obtained: Similar to the analysis for extended detention dry ponds, the long term average percentage of suspended solid removal of a wet pond without outlet control can thus be found as:
Where C =A 11000 is the unit conversion factor resulting from the different units c c used for Coin Eq. 25 and Eq. 18. Acis the catchment area serviced by the pond in m 2 • Eq. 26 is designated as the CPWI model for the wet pond without outlet control. Details of the above derivations can be found in Guo [1992] .
Wet Ponds with Outlet Control
The possible time histories of a loading cycle of a wet pond with outlet control are similar to those of an extended detention dry pond, except that in a wet pond, each cycle begins with the pond at its pennanent pool level and returns to the same level. During runoff periods and periods when the water level in the pond is above the pennanent pool, the pond is acting in the same manner as an extended detention dry pond. Suspended solids are removed in this period through dynamic settling. In the dry period when the pond is at its penn anent pool level, suspended solids are removed through quiescent settling, similar to a wet pond without outlet control.
Since the quiescent period of a wet pond with outlet control is no longer the rainfall interevent time b, but rather (b+ T d)' which is usually shorter than b, the results for the wet pond without outlet control cannot be directly used. Inclusion of this difference makes the mathematical derivation extremely difficult. However, accounting for this difference based on the ratio of the mean lengths of quiescent settling times under wet pond without outlet control conditions and wet pond with outlet control conditions should give a reasonable estimate. Thus, the long tenn percentage removal due to the pennanent pool of a wet pond with outlet control can be estimated as follows: 
The storage volume between the penn anent pool and the spillway crest acts as an extended detention dry pond. However, unlike the extended detention dry pond, particles must settle to the bottom of the permanent pool before they are removed. This is considered by modifying the calculation of Ed. For example, in Eq. 5, an effective settling velocity V"" can be defined as:
where S is the storage volume above the pennanent pool; Ad is the average surface area of the storage volume above the permanent pool; S is the storage
• P volume of the permanent pool; and A IS the surface area ofthe pennanent pool.
p Using this effective settling velocity in the calculation of Ed accounts for the increased settling depth due to the pennanent pool. In this manner, the result obtained for extended detention dry ponds can be used directly to calculate the dynamic removal in wet ponds with outlet control. The overall removal of suspended solids by wet ponds with outlet control is the combination of the dynamic removal and the quiescent removal, i.e.
where Spa is the active storage volume of the permanent pool (mm), and Af/J. is the surface area of the active storage volume of the permanent pool (m2). Eq. 29 is designated as the CPW2 model for wet ponds with outlet control. Details of the above derivations can be found in Guo [1992] .
7.S Results and Comparisons
Continuous SWMM simulations and the U. S. EPA wet pond sizing procedure based on Driscoll's statistical methodology were used to verify the statistical models developed herein. A test catchment in Ottawa was selected. Rainfall records from the Ottawa International Airport for 1981 were used both for the continuous SWMM simulations and for deriving inputs to the statistical models. Storm event analyses were conducted using a 2 hour interevent time definition (!ETD). Typical settling velocities of particles in urban runoff were taken from the results of the U. S. EPA Nationwide Urban Runoff Program.
Since the STORAGE/TREATMENT block of SWMM does not take into account the suspended solid removals by wet ponds during dry weather periods when there is no outflow from the pond, SWMM can be used to check the results ofCPED model only. Driscoll's methodology was adopted by the U. S. EPA as a wet pond sizing procedure. The input parameters used in the procedure are storage volume and surface area of the pond. The treatment received by water discharged over the spillway was considered in Driscoll's methodology. In the analysis presented in this paper, outflow over the spillway was assumed to receive zero treatment. As a result of the different assumptions and inputs, Driscoll's methodology was used to check the CPWI model only.
Figures 7.1 and 7.2 present the comparison of continuous SWMM simulations and the CPED model developed in this paper for extended detention dry ponds. Figure 7 .1 shows the relationship between long term percentage suspended solids removal and the pond discharge rate corresponding to different pond storage volumes. The pond storage volume is normalized to the depth of water over the contributing catchment area. The discharge rate units are expressed as depth of water over the contributing catchment per hour. Figure 7 .2 shows the 60% removal isoquants between storage volume and discharge rate derived from SWMM simulations and CPED model results. It can be seen that the results from the two models agree with each other reasonably well in the middle range of removal (around 60%) and less well in the more extreme ranges (below 40% or above 80%). The slopes of the isoquants in Figure 7 .2 represent the tradeoff between Sand Q to achieve the same level of suspended solids removal.
A graphical comparison of the CPWI model and Driscoll's approach for wet pond design without outlet control for two settling velocity ranges is presented in Figure 7 .3. Results from Driscoll's approach were obtained by hand calculation using four design charts. It is evident that results from the CPWI model are comparable with those from Driscoll's methodology.
The relationship between the average pond depth and the long term removal was further investigated using CPWI model. Specifying different average depths of a wet pond without outlet control while keeping the storage volume constant, the long term removal of suspended solid particles with a settling velocity of O.00914m/hr was calculated. Figure 7 .4 indicates that the depth of the pond has a significant effect on the long term perfOimance of the pond.
As only the components of the CPW2 model were compared with the continuous SWMM simulation results and Driscoll's methodology, some results from the CPW2 model for wet ponds with outlet control are presented as preliminary results. Figure 7 .5 shows how the long term removal varies with the storage volume between the permanent pool and the spillway crest while storage volume ofthe permanent pool and the controlled discharge rate are kept constant. The pond surface areas were arbitrarily selected under the general assumption that the ponds are usually 3 to 4 metres deep. These arbitrary values used for the average pond surface area explain why the curve in Figure 7 .5 has so many inflection points. These inflection points also indicate that pond surface area has a significant impact on the long term performance of stormwater quality ponds. Figure 7 .6 illustrates the variation in the long term perceptage removal for different discharge rates assuming constant pond volumes. It is noted that when the discharge rate is reduced to an extremely small value, the long term removal efficiency of the pond declines. This is probably because extremely long detention causes more spill events. Figure 7 .7 shows the relationship between the permanent pool volume and the long teml removal. Figure 7 .8 presents the extended detention volume vs permanent pool volume isoquants for 40%, 60% , 80% and 90% removal. It is seen that permanent pool volume has a greater effect on the long term performance than the storage volume between the permanent pool and the spillway crest. Therefore, wet ponds with large permanent pools would be recommended for efficient suspended solid control of urban runoff on the basis of these preliminary results.
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Figures 7.1 and 7.2 present the comparison of continuous SWMM simulations and the CPED model developed in this paper for extended detention dry ponds. Figure 7 .1 shows the relationship between long term percentage suspended solids removal and the pond discharge rate corresponding to different pond storage volumes. The pond storage volume is normalized to the depth of water over the contributing catchment area. The discharge rate units are 7.6 Conclusions A set of practical assumptions concerning the suspended solid removal processes of storm water quality ponds were made. Based on these assumptions, analytical solutions were derived for the long term average percentage suspended solid removals of extended detention dry ponds, wet ponds without outlet control and wet ponds with outlet control. Derived probability distribution theory was used extensively in the derivations. The meteorological input to the stormwater control system was represented by event rainfall volume, duration and interevent time. These rainfall characteristics were assumed to be mutually independent and exponentially distributed random variables. Parameters of the distributions can be obtained by conducting storm event analysis on long term rainfall records. Statistical models developed in this chapter were also compared with continuous SWMM simulations and Driscoll's wet pond sizing procedure. Reasonable comparisons were observed. The closed form analytical models obtained in this chapter provide a simple and efficient method of estimating the long term suspended solids removal of stormwater quality ponds under specified climatic, catchment and pond design conditions. Upon thorough testing, these analytical models could be useful tools in the planning and design of stormwater quality ponds. pond discharge rate (m 3 lhr or mmlhr)
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